Observations were made of time variations of carbon dioxide in seawater, pCO 2 , and in the atmosphere, PCO 2 , in the Seto Inland Sea of Japan. The pCO 2 data showed well defined diurnal variation; high values at nighttime and low values during daylight hours. The pCO 2 correlated negatively with dissolved oxygen. These results denote that the diurnal variation of pCO 2 is associated with effects of photoplankton's activity in seawater. The pCO 2 measured in the Seto Inland Sea showed higher values than the PCO 2 during June to November, denoting transport of carbon dioxide from the sea surface to the atmosphere, and lower values during December to May, denoting transport of carbon dioxide from the atmosphere to the sea surface. The exchange rates of carbon dioxide were calculated using working formula given by Andrié et al. 
Introduction
The exchange of carbon dioxide between the atmosphere and the sea is of major importance to our understanding of the climatic consequences of anthropogenic carbon dioxide. The exchange rate of carbon dioxide depends upon the concentration difference of carbon dioxide between seawater and atmosphere, gas transfer velocity and the solubility of carbon dioxide in seawater. A key factor on the carbon dioxide exchange, however, is the accurate determination of carbon dioxide concentration dissolved in seawater.
The equilibrator technique has been used to measure the pCO 2 by many researchers employing a non-dispersive infrared gas analyzer, NDIR (e.g., Fushimi, 1987; Gordon et al., 1971; Oudot and Andrié, 1989; Takahashi, 1961; Weiss et al., 1982; Wong and Chan, 1991) . We measured the pCO 2 in the Seto Inland Sea of Japan by the equilibrator technique using the NDIR (Shimazu Co., URA-106). A minor modification was done in the present instrument. The carrier gas line for the NDIR was opened to the atmosphere to maintain the gas line as barometric pressure. This technique makes free from the correction for addition or extraction of the carbon dioxide from sample seawater due to circulating air.
The experiments were carried out using facility of Observatory for Environmental Research of Okayama University (34.27°N, 133.54°E). Seawater was sampled at 0.5 m below the surface. Seawater temperature, Ts, salinity, S, and pH value were measured every sample seawater. The carbon dioxide concentration in the atmosphere, PCO 2 , has been measured at the Observatory together with wind speed, temperature and humidity at 10 m height above the sea surface.
The present paper describes the characteristics of diurnal and seasonal variations of pCO 2 and PCO 2 measured. Exchange rates of carbon dioxide between seawater and atmosphere are estimated. Figure 1 shows a block diagram of measuring instrument which consists of a plastic chamber, NDIR, a water bath and a recorder. The plastic chamber had a cross section of 3 cm 2 and 15 cm tall. The plastic chamber was immersed into a water bath whose temperature was controlled by a regulator within an accuracy of 0.1°C to that of sample seawater. The sample bottle of seawater was also immersed into the water bath to keep its temperature under field conditions.
Measuring Procedure of pCO 2
The NDIR was used in a differential mode: A known concentration of carbon dioxide standard gas was continuously passed through a reference cell of the NDIR at a rate of 5 ml per min. Other carbon dioxide standard gases were used as the carrier gas. The flow rate of the carrier gas was regulated by a mass flow meter to be 100 ml per min. The carrier gas line was opened to the atmosphere to maintain the gas line as barometric pressure. The carrier gas was, at first, passed through the gas line with diffuser (illustrated by 1 in the figure) . Then, the gas flow was changed by a three way valve to another gas line (illustrated by 2 in the figure) in order to purge the carrier gas into dead spaces in the equilibrating chamber. Water sample of 18 ml was pumped up into the chamber.
The output signal of the NDIR appears to be constant when the carrier gas is purged into the equilibrating chamber. This stage is specified as "purging" in Fig. 2 . Again, the carrier gas line was changed to the diffuser circuit. Small bubbles of carrier gas interact with water during drifting about 6 cm in sample seawater. This stage is specified as "bubbling" in Fig. 2 . The carrier gas was then passed through a drying column with Mg(ClO 4 ) 2 and led to a measuring cell of If the carbon dioxide concentration of carrier gas equals to that in seawater, dissolved carbon dioxide and various carbonate species do not change their equilibrium condition during bubbling procedure. The output signal of the NDIR shows constant corresponding to the carrier gas level under such equilibrium conditions. In general, we can use standard gases with discrete concentration. Thus, the output signal of the NDIR becomes to have a positive or a negative peak. The peak height (cf. CPH in Fig. 2 ) is associated with the concentration difference between carrier gas and seawater. The positive peak means that the carbon dioxide is extracted from seawater, and the negative peak means that the carbon dioxide in carrier gas is added to seawater when small bubbles of carrier gas are passing through sample seawater. In order to find out the carbon dioxide concentration of carrier gas, which the peak height of the NDIR is zero, we repeated the purging and bubbling procedures five times using different concentrations of carrier gas, and measured values of CPH. The sample seawater of 18 ml in equilibrating chamber was changed every trial. Figure 3 shows the relationship between CPH and carbon dioxide concentration of carrier gas. The carbon dioxide concentration of seawater was determined to be 333 ppm from the concentration of carrier gas which the CPH was zero. To check the precision of present technique, eight trials of concentration measurements of carbon dioxide were carried out using seawater sampled. Their mean value was 578 ppm with standard deviation of 1.6 ppm.
Ten compressed gas tanks, five containing CO 2 /N 2 mixtures from 300 to 700 ppm and five CO 2 /air mixtures from 300 to 700 ppm, were used to check the precision of the carrier gas error of the instrument. The NDIR analyzer indicated carbon dioxide concentration in the CO 2 /N 2 mixtures 0.5 ppm below the value in the CO 2 /air mixtures. The pCO 2 values in seawater were compared for seven seawater samples using carrier gases containing CO 2 /N 2 mixtures and CO 2 /air mixtures. It is noted that the pCO 2 determined by CO 2 /N 2 mixtures was larger by 1.1 ppm than that determined by CO 2 /air mixtures. Here, we can conclude that the significant error of greater than 1 ppm in pCO 2 is not considered from the pressure broadening effects due to different gas mixtures of CO 2 /N 2 and CO 2 /air. Fig. 2 . Output signal of non-dispersive gas analyzer (NDIR). Positive peak denotes that the carbon dioxide is extracted from sample seawater. Figure 4 shows a time variation of pCO 2 measured on August 27 to 28, 1991. The carbon dioxide concentration in the atmosphere, PCO 2 , seawater temperature, Ts, and dissolved oxygen, DO, are together plotted in the figure. The mean value of pCO 2 measured was 671 ppm. It is apparent that the pCO 2 shows well defined diurnal variation characterized by the low values during daylight hours, and high values in the nighttime. The amplitude was about 85 ppm. To eliminate the temperature effect on pCO 2 , we apply the temperature coefficient of 4%(°C) -1 to the pCO 2 measured (e.g., Oudot and Andrié, 1989) . The pCO 2 data corrected show that the biological factors outweigh physicochemical effects associated with temperature adjustment in determining the diurnal cycle. It is also noted that the pCO 2 data correlate negatively with the DO data. These results mean that the diurnal variation of pCO 2 is associated with the photosynthetic activity by photoplanktons in seawater. Figure 5 shows diurnal variations of pCO 2 measured in early spring of March 2 to 3, 1991. The amplitude of diurnal change in pCO 2 was reduced to 8.5 ppm under periods of low seawater temperature. The seawater temperature was 8 to 10°C. Figure 6 shows the relationship between amplitude of diurnal variation of pCO 2 and seawater temperature, Ts. The regression curve plotted in the figure shows that the amplitude of pCO 2 varies as Ts 2 . This denotes that the photosynthetic effect on pCO 2 can be represented by the square law of seawater temperature.
Results

Diurnal variation of pCO 2
The examples of diurnal change of pCO 2 in surface seawater reported in the literature have been scarce. Recently, Oudot and Andrié (1989) showed that a decrease in PCO 2 was occurred most of the time between morning and evening in eastern tropical Atlantic Ocean. They discussed three factors that alter pCO 2 in surface seawater; temperature, gas exchange across the air-sea interface and biological consumption of carbon dioxide through photosynthesis. They concluded that the decrease in pCO 2 during daylight hours can be resulted from the photosynthetic fixation Fig. 2 ) of NDIR and carbon dioxide concentration of carrier gas. Carbon dioxide concentration in seawater is assumed to the carrier gas concentration where CPH is zero. of carbon dioxide. Takahashi (1961) also demonstrated in the pioneering work that the pCO 2 of 330 ppm can be reduced to 210 ppm by the biological activities at the most productive areas of phytoplanktons. These results support that the diurnal change in pCO 2 measured in the present study are associated with the photosynthetic activity by photoplanktons in seawater. 
Seasonal variation of pCO 2
The seasonal variation of pCO 2 and PCO 2 are plotted in Fig. 7 . The seasonal cycle of pCO 2 had an amplitude of 218 ppm with high values in summer and low values in winter. Data for checking the seasonal changes of pCO 2 are not available around the measuring site in the Seto Inland Sea of Japan. For data of open oceans, Weiss et al. (1982) showed well defined seasonal variations of surface water fugacity of carbon dioxide. Their data were measured in the tropical areas of the north and south Pacific Oceans. The amplitude of seasonal variations was about 10 µatm, with both hemispheres showing summer maxima. Wong and Chan (1991) also showed that the average amplitude of the oceanic pCO 2 cycle was about 28 µatm using data obtained from Ocean Station P. It is noted that the amplitude of seasonal variation of our pCO 2 data showed ten times larger than those for open oceans. This result means that the pCO 2 obtained in the Seto Inland Sea is inebitably local in character.
Comparing with the PCO 2 , the pCO 2 in seawater is larger than that of the atmosphere during periods from June to November, transporting carbon dioxide from the sea surface to the atmosphere and smaller during periods from December to May through January, transporting carbon dioxide from the atmosphere to the seawater. It is noted that the PCO 2 showed high values in summer season compared with those in winter season. This seasonal variation differs from that of monitoring stations sited in northern phemisphere (e.g. Komhyr et al., 1985) . The result can be interpreted as follows: The measuring site is located near the coast of the Seto Inland Sea. The atmospheric surface layer is characterized by stable stratification even in daytime hours during April to October. Thus, the vertical mixing of the air mass is suppressed. The carbon dioxide released from nearby factories and dwellings accumulates in the atmospheric surface layer and results in high concentrations in summer months (Ohtaki et al., 1984) .
Carbon dioxide exchange across air-sea interface
The net carbon dioxide flux, F, across the air-sea interface can be estimated from the gas exchange equation reported by Andrié et al. (1986) : where K is the carbon dioxide transfer velocity and α is the carbon dioxide solubility in seawater. Using K expressed in cm h -1 , α expressed in mol kg -1 atm -1 , and ∆pCO 2 = pCO 2 -PCO 2 expressed in µatm, the F is given in m-mol m -2 d -1 . The α presented by Weiss (1974) was used. The K was calculated using relationships proposed by Oudot and Andrié (1989) . Though their K values are defined for temperature ranges from 20 to 30°C, we assume that the relationships can be extrapolated to the temperature ranges encountered in the present study. The calculated exchange rates in March therefore became rough estimates, because the average values of Ts were about 8°C in March.
The carbon dioxide exchange rates measured on August 27 to 28, 1991 are shown in Fig. 8 . For reference, the wind speed, U, measured at 10 m height, partial pressure difference, ∆pCO 2 , and transfer velocity, K, are plotted in the figure. It is noted that U had an appreciable effect on the values of K and thus F. For U > 3.6 m s -1 , the F increased to 8 m-mol m -2 d -1 , but for U < 3.6 m s -1 , the F reduced rapidly less than 1 m-mol m -2 d -1 . The daily average of carbon dioxide exchange rate was about 1.7 m-mol m -2 d -1 in the present case representing upward transport of carbon dioxide from the sea surface to the atmosphere. This is very close to those in Guinea Dome measured by Oudot and Andrié (1989) , and in the tropical Atlantic Ocean during FOCAL cruises (Andrié et al., 1986) . These two examples of carbon dioxide exchange rates were taken from an important source zones of carbon dioxide for the atmosphere.
The example of carbon dioxide exchange rates measured on March 2 to 3, 1991 is plotted in Fig. 9 . It is noted that F is negative, representing downward transport of carbon dioxide from the atmosphere to the sea surface. The daily average of carbon dioxide exchange rate was about -1.0 m-mol m -2 d -1 .
It is interested to see the annual cycle of carbon dioxide exchange rates at the Seto Inland Sea. Taking into account of the seasonal variation of pCO 2 and PCO 2 illustrated in Fig. 7 , the carbon dioxide may be transported from the sea surface to the atmosphere during June to November, and transported from the atmosphere to the sea surface during December to May. Here, we would like to emphasize that more attention should be noted to the transfer velocity of carbon dioxide between atmosphere and seawater. The accuracy of F estimated depends on the transfer velocity, K. In order to examine whether the parameter K proposed by Oudot and Andrié (1989) can be applied to our data obtained in the Seto Inland Sea or not, similar experiments have to be duplicated with the eddy correlation technique (e.g., Ohtaki et al., 1989) .
Conclusions
The pCO 2 in seawater was measured in the Seto Inland Sea of Japan. The results obtained are inevitaly local in character. However, the pCO 2 data demonstrate characteristic diurnal and seasonal variations. The high value of 670 ppm occurred in August, and the low value of 235 ppm occurred in March.
The concentration difference of carbon dioxide between seawater and atmosphere showed positive from June to November, and negative from December to May through January. Sample calculation showed that the carbon dioxide flux of 1.7 m-mol m -2 d -1 was transported from the sea surface to the atmosphere in August, and 1.0 m-mol m -2 d -1 was transported from the atmosphere to the sea surface in March.
